Multiple auxotrophic strains of Bacillus subtilis 168 were tested for joint one-step reversion of two or more auxotrophic markers to the wild-type phenotype. Mu8u5u5, a strain requiring leucine, methionine, and threonine, yielded revertants that grew without added methionine or threonine and proved to have a suppressor gene. When transferred by transformation with deoxyribonucleic acid, this suppressor gene also suppressed the adenine mutation in another strain, Mu8u5u6. The one-step double revertants fell into two distinct classes: strains of class su+1 grow well in broth; strains of class SU+II grow poorly. Strains su+1I tend to revert frequently to the su+1 or su-state. Conditional lethal mutants of phage 4e were isolated which can grow on the su+ and not on the su-strains.
Strains which carry allele-specific suppressor mutations have long been known in Escherichia coli (8) . The best known examples are the amber and ochre types of suppressors, which cause certain nonsense codons on the messenger ribonucleic acid (mRNA) to be translated into specific amino acids through the action of altered transfer ribonucleic acid (tRNA) species (5, 7) . Other suppressors in E. coli act on missense mutations, causing replacements of amino acids with one another (20) . In some instances, at least (6, 9) , altered tRNA molecules have been shown to be responsible for the missense suppressor activity.
An interest in the genetics of Bacillus subtilis and its phages prompted the present attempt to isolate allele-specific suppressor strains in B. subtilis 168. A brief account of this work was presented previously (Bacteriol. Proc., p. 50, 1968). Okubo and Yanakida (15) recently reported the discovery of a B. subtilis suppressor strain isolated in a different way.
MATERIALS AND METHODS
Bacterial and bacteriophage strains. The bacterial strains used are listed in Table 1 .
The wild-typephage 40e, obtained from D. Roscoe, contains hydroxymethyl uracil (HMU) instead of thymine in its deoxyribonucleic acid (DNA; 18) and grows well on B. subtilis 168, 3610, and W23.
Media. LB broth consisted of 1% tryptone (Difco), 0.5% yeast extract, and 0.5% NaCl (pH 7.0). Minimal medium (MM) was 1 X 121 medium (10) supplemented with 0.8% glucose, 10-3 M K2HPO4, 2 X 10-4 M FeC13, and 5 X 10-4 M sodium citrate. L-Amino acids were added at 30 jg/ml as required. Other compounds were supplied at 5 ,lg/ml. LB agar and MM agar consisted of LB broth and MM, respectively, supplemented with 1% agar (Difco). Top agar layer for phage assays consisted of 0.8% Nutrient Broth (Difco), 0.5% NaCl, and 0.65% agar. Phage was assayed on LB agar plates with one drop of an overnight culture of su+3 (see below) in LB broth.
Transformation. DNA used in transformation experiments was isolated according to the method of Marmur (13) . The procedures employed in transformation experiments were those described by Cahn and Fox (4) . Deoxyribonuclease (electrophoretically purified deoxyribonuclease I from Worthington Biochemical Corp., Freehold, N.J.) was used at 2 ,ug/ml to terminate transformation.
Isolation of auxotrophic (tyrosine-requiring) bacterial mutants. Cells from an overnight culture of SB19 in MM were washed in MM, resuspended in MM plus tyrosine, and used to inoculate a series of tubes containing MM with tyrosine plus 0.05% 2-aminopurine (AP) or without AP (control). The inoculum was about 1,000 cells per ml. The tubes were shaken overnight at 37 C, and auxotrophic strains requiring tyrosine were then isolated by the penicillin technique (14) .
Isolation of revertants from auxotrophic strains. For the isolation of revertants, three procedures were used.
(i) Spontaneous. Bacteria grown overnight in LB broth were washed, and then were resuspended in MM; approximately 1010 cells were spread on MM agar plates supplemented with all of the required compounds except two (in all pairwise combinations).
(ii) Treatment with AP. Cells grown overnight in MM with all of the required compounds plus 0.05% AP were washed and then resuspended to one-fifth volume; 0.1-ml samples were spread on selective agar plates.
(iii) Treatment with n-methyl-n'-nitro-n-nitrosoguanidine (NTG). Mutagenesis by NTG (100 All selective agar plates were incubated at 37 C for 48 hr.
Phage mutagenesis. Phage 0e, treated with hydroxylamine (11) to a survival of 10-', was allowed one cycle of growth on su+3 for segregation. This phage stock was adsorbed onto su+3 cells in LB broth for 10 min at 37 C. The mixture was plated on LB plates with a 1:1 mixture of su+3 and Mu8u5u5 indicator cells. After overnight incubation at 37 C, small turbid plaques were picked, purified, and tested for their ability to grow on su+3 and on Mu8u5u5.
For burst-size determination, phage was added to indicator cells in LB broth (optical density at 500 nm of 0.8) at a multiplicity of 0.1. After 10 min, the mixture was diluted 1:10 into broth with 0e antiserum (K z 1), shaken for 5 min at 37 C, diluted 1:1,000 into LB broth, and shaken for 1 hr at 37 C.
Isolation of suppressor bacterial strains by "colony nibbling." The technique described by Revel (17) was used to isolate suppressor strains. Mu8u5u5 cells were treated with NTG to 20% survival, washed, and grown in LB broth for four generations. Approximately 500 mutagenized cells were spread on LB plates along with 106 4e sus mutant phage. After overnight incubation, nibbled colonies were sought, on the assumption that mutant cells carrying a suppressor mutation would support growth of the mutant phage and give rise to nibbled colonies. Of approximately 20,000 colonies examined, one nibbled colony was found which yielded a suppressor strain, su+23 (see Table 2 ).
RESULTS
Isolation of suppressor strains. The procedure used in isolating suppressor strains in B. subtilis was one which has been employed successfully in yeast (12) . A series of multiple auxotrophic strains (Table 1) was tested for joint one-step reversion of two independently arisen auxotrophic characters to the wild-type phenotype. Such a double revertant is likely to possess a suppressor mutation and, if so, is expected to have the following properties: (i) its DNA should be able to transform its parent mutant strain to prototrophy for both suppressible markers in one step; (ii) the mutant sites should remain unaltered; (iii) the strain should be able to suppress some other mutations; and (iv) one should be able to isolate sus phage mutants that grow on the suppressor strain, but not on its auxotrophic parent.
Out of sixteen auxotrophic markers tested for one-step double reversion, only strain Mu8u5u5, a leucine -methionine -threonine auxotroph, yielded revertants that grew on MM supplemented with leucine only. Such revertants arose spontaneously (at a frequency of 5 X 10-') or after treatment with AP (frequency 10-') or NTG (10' to 10-'). The spontaneous reversion frequencies of the methionine and threonine markers separately are of the order of 10-8.
The first suppressor strain, su+3, isolated after AP treatment formed small colonies on MM agar plates supplemented only with leucine. This may have occurred for any one of several reasons: (i) the suppressor gene may be effective at very low levels, so that very little active product is made; (ii) the products of suppression may be imperfectly functional; (iii) the suppressor itself may interfere with normal cell growth; or (iv) the bacterial strain su+3 may have acquired some other mutations as a consequence of the AP mutagenesis.
Strain su+3 was used as DNA donor in transformation tests with a series of auxotrophic derivatives of B. subtilis 168 as recipients. One might expect that any transformant arising by receiving the wild-type allele of its own mutant locus should form large colonies on MM agar plates, whereas transformants formed by suppression would form smaller colonies. Of 16 strains examined (including 6 independently isolated tyrosine-requiring mutants), only Mu8u5u6, a leucine-methionine-adenine requiring strain, yielded a mixture of large-and small-colony transformants (approximately 1:1 ratio) when transformed for the adenine marker. The small-colony transformants turned out to possess the suppressor gene; the large-colony ones did not. Since the methionine mutation in Mu8u5u6 is the same as in Mu8u5u5, suppressor mutations in Mu8u5u6 should suppress simultaneously the met and ade mutations. Such double revertant strains of Mu8u5u6, which require only leucine, were in fact obtained both spontaneously and after treatment with NTG. Table  2 shows the derivation and some properties of suppressor strains isolated in this way.
Evidence that the one-step double revertants isolated did in fact possess a suppressor gene is (19, 21) .
In contrast, DNA extracted from either strain su+3 or strain su+31 transformed in one step the threonine-methionine and the adenine-methionine pairs at a high frequency, as would be expected if these strains contained a suppressor for these markers. For testing whether strain su+31 still possesses the original methionine mutation, advantage was taken of the fact that the methionine and isoleucine markers in strain Mu8u5ul are linked, so that cotransformation occurs frequently (19) .
The isoleucine mutation in Mu8u5ul is not suppressible by the suppressor gene in su+31. DNA extracted from SB19 or sut31 was used to transform Mu8u5ul. SB19 DNA transformed the isoleucine and methionine markers in one step in about 25% of the cases, whereas the DNA extracted from su+31 did not cotransform the two markers significantly (Table 5 ). This shows that the methionine-synthesizing ability of su+3 is not transferred with the isoleucine marker, and suggests that this strain is in fact ile+ met-su+. The results also suggest that the suppressor gene in su+31 is not cotransformable with the isoleucine marker.
Classes of suppressor strains. Suppressor strains isolated thus far fall into two major classes, SU+I and su+I (see Table 2 ), which appear with comparable frequencies; for example, after NTG mutagenesis the ratio of su+I to su+II types was 2:1.
Strains of the class su+1, represented, for example, by su+3, su+25, su+102, formed medium to large size colonies on LB agar plates, and their growth rate in LB broth was similar to that Table 2 ) acquire simultaneously the suppressed phenotype and the poor-growth property. Evidence suggesting that different suppressors cause different amino acid substitutions comes from the observation that strain su+102 requires methionine when grown at 45 C, strain su+1 11 requires adenine at 45 C, strain su+26 requires threonine at 45 C, and strain su+8 requires both threonine and methionine at 45 C. On the other hand, strains su+3, su+31, and su+67 do not require methionine, threonine, or adenine at 45 C.
Suppressible mutants of phage 4e. Phage 45e suppressible (sus) mutants were isolated as phages that did not form plaques on Mu8u5u6, but grew normally on su+3. These mutants also proved unable to grow on B. subtilis 3610 or W23 strains. The sus mutants adsorbed normally on the nonpermissive bacteria. Approximately 100 sus phage mutants, which fall into at least 26 complementation groups, have been isolated (Newlon and Georgopoulos, unpublished data).
A selected group of phage mutants was tested further and found to grow on all of the suppressor strains isolated. A comparison of the burst size of a number of sus phage mutants on su-and su+ hosts is shown in a Burst size is the ratio of the titer of the liberated phage particles to the titer of the infective centers.
b Adsorption of phage was tested and found to be >80% of the input titer. c One-step revertants of sus6 and sus8, respectively; isolated by plating on Mu8u5u5.
mutants grew as well as the wild type 45e on some su+,-type suppressor strains, such as su+3, su+102, and su+144. Strain su+10, which is classified in the su+1 class, supports the growth of the phage mutants poorly.
The situation with the su+11 type suppressors is more interesting. Strains su+31 and su+115 support the growth of 4e or its sus mutants only poorly: the burst size of 4e was 10-fold lower on these hosts than on other SU+I or sustrains. Both 45e and its sus mutants grew well on strains su+31a and su+115a, large-colony derivatives of su+31 and su+115, respectively. Phage 4e also grew well on su-revertants from su+31 and su+115.
The 4e suppressor mutants gave rise to onestep revertants that grew well on su-hosts and gave an increased burst size on su+1 cells, but still grew poorly on su+11 strains. One of the suppressor strains was isolated from Mu8u5u5 after NTG mutagenesis in an indirect way, by plating with 106 4e suslO on LB agar plates and selecting the one nibbled colony found among approximately 20,000 examined. This gave strain su+23, which proved to possess a suppressor for the threonine-methionine pair of mutations.
DISCUSSION
The evidence that the one-step double revertants of B. subtilis 168 possess a suppressor gene is as follows: (i) DNA from these strains cotransforms the parent strains for the two relevant markers in one step; (ii) the suppressed mutant sites (or at least the met-mutation) remain present in the suppressor strain su+31; (iii) the suppressor gene of strain su+3 suppresses another independent mutation, the ademutation in Mu8u5u6; (iv) 45e phage mutants are found which grow on the one-step double revertants, but not on the parent strains.
The growth properties of the suppressor strains, and their requirements at various temperatures, suggest amino acid replacements as the basis of suppression. In E. coli, such replacements affecting either nonsense or missense mutations have been shown to result from alteration in certain tRNA species (5-7, 9). It is not clear whether in B. subtilis the suppressed mutations, ade-, met-, and thr-, are of the missense or nonsense type. It is fairly certain that they are not long deletions, since each of them reverts readily to the wild-type phenotype. It is also unlikely that they are frame-shift mutations, since it is hard to imagine a suppressor gene suppressing efficiently three separate frame-shift bacterial mutations plus many phage mutations.
The three suppressible bacterial mutations are nonleaky. This is fully consistent with their being of the nonsense variety, although some missense mutations can be nonleaky. Some of the 4e sus mutants isolated, such as sus 6 Experiments employing an in vitro proteinsynthesizing system primed with phage RNA (7) plus fractionated B. subtilis extracts will be carried out in an attempt to uncover the mechanism of suppression.
